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Chapter 1

INTRODUCTION

The marked advances achieved in the last few years in fluid dynamics can be related to the development of
increasingly powerful computers of easy manipulation, new numerical methods, modern test facilities and improved datz
recording and processing systems. Thus an increasing amount of reliable information has become available. The state of
progress reached has opened the way for improved modeling of turbulent events and allowed more and more complex
problems to be investigated.

For the same reason a marked step forward has simultaneously been made in the field of interior ballistics. In
particular, important advances are being achieved in improving the methods of analysing and predicting fl.id flows in
interior ballistics. At the same time new techniques are being developed in the field of propulsion (especially as far as
liquid propellants are concerned) which give rise to new and specific problems.

It was therefore considered worth while to verify the extent to which the experts in interior ballistics could take
advantage of the progress recently achieved, both theoretically and experimentally, in fluid dynamics. Tcward this end
the AGARD Fluid Dynamics Panel decided to create a Working Group (AGARD FDP/WG.05) with experts in interior
ballistics from six NATO countrics (Belgium, France, Germany, Great Britain, Netherlands, and the United States).

This Working Group was active for 30 months. The composition of the Group determined the way chosen by the
members to fulfil the assigned task. Efforts were made to work out a synthesis of the know-how attained in the field of
interior ballistics in the six NATO countries concerned, the emphasis thereby being placed on the fluic dynamic
aspects. Furthermore, the areas are underlined in which advances still remain to be achieved. In order to achieve the
assigned mission, four plenary mectings of the Working Group were held. Moreover, an active and repeated exchange of
information was conducted by writing. A widespread inquiry was launched by the Group members in their countries in
order to provide information about the basic research work conducted in the common field of interest. The results of tae
inquiry were gathered in form of data sheets made available to all members of the Workging Group by mutual exchange.
If necessary, additional information was requested for working out the written contributions to the final report.

In order to accomplish its mission in an optimal way, the Working Group consulted experts in fluid dynamics
(Prof. Broadbent, IGA Carriere, Prof. Krause). Finally the authors of various computer codes were contacted in order to
get insight into the objectives and contents of these codes.

The present report is organized as follows:

One chapter devoted to the interior ballistics cycle including the presentation of different models and computer
codes used in interior ballistics. An example of application is given. Furthermore the experimental methods and
associated theories are described, which allow the foregoing models to be validated. These methods and ~heories also
yield indispensable input data and allow to verification of the computed results.

One chapter deals with the gaseous outflow from tube launchers.
One chapter is concerned with the physical and thermodynamic characteristics of propellant gases.

One chapter is devoted to a few specific problems encountered in interior ballistics (liquid propellants, behaviour
of anti-erosive additives, behaviour of solid propellants at high pressures).

Much work has been done in the field of interior ballistics. Experts in fluid mechanics will note the smooth integra-
tion of recent developments achieved in their region of interest into the somewhat more specific domain of interior
ballistics. This is not surprising because a close relationship exists between the armed forces research laboratories and thae
universities and aeronautical research centres as well (DFVLR, RAE, ONERA). In spite of the efforts made, however,
there are domains in which the results achieved call for further improvement (gas circulation at the level of the combus-
tion chamber or in the vicinity of the base of the projectile, boundary layer and interaction with the tubz wall, gases
escaping at the level of the projectile) or in which results are still completely lacking (physical characteristics of the
combustion gases at high pressures).

Although the authors of the various contributions to the final report aimed at emphasizing the fluid dynamic aspects
of the problem to be investigated, it was not possible (and even not wished) to pass over the phenomena encountered in



1-2

other branches of science (energetics, mechanics of solids). As a matter of fact the description of the interior ballistic
cycle inevitably involves all the aforementioned branches of science, the influence of each branch thereby being
dependent, of course, on the phase of the cycle in which the particular phenomenon under investigation is being treated.



Chapter 2

THE INTERIOR BALLISTIC CYCLE

2.0 INTRODUCTION

The interior ballistic cycle for guns involves a complex interplay of physical and chemical processes. Classical
pictures of the interior ballistic cycle typically involve its division into several distinct phases, including ignition of the
propellant, combustion both prior to and during projectile motion, gas expansion and projectile motion after propellant
burnout, and venting of gases from the tube after projectile exit. In the past, the assumptions of uniferm ignition of the
entire propellant bed and a space-averaged thermodynamic treatment of propellant gas and particles have been invoked to
facilitate the generation of computerized models capable of providing a numerical description of the pressure-time-travel
relationship in guns. Consideration of fluid dynamic processes has been most often limited to the super-imposition of a
simplified pressure gradient associated with motion of the projectile on the lumped-parameter, thermodynamic solution,
solely for the purpose of providing a more reasonable description of breech and projectile-base pressures.

In actual practice, however, this decoupling of the sequence of events occurring during the interior bellistic cycle
may be far from correct. Fluid dynamic processes accompanying the initial propagation of the flame front through the
propellant charge may exhibit significant impact on subsequent phases of the overall cycle. Resistance to zas flow offered
by a packed bed of granular propellant may result in local pressure gradients capable of leading to substantial grain motion,
as well as a traveling longitudinal pressure wave which may persist long after flamespread is complete. Equally complex
are details of the chemical-reacting, transient boundary layer at the tube wall which governs those processes leading to
erosion of the bore surface. These and many more features of fluid dynamic processes in the gun tube lie outside the
scope of the classical picture of gun interior ballistics.

In Section 2.1 of this chapter, we provide first a description of current efforts being conducted in NATO countries
to develop models which specifically address a phenomenologically more complete picture of the fluic dynamics of the
gun interior ballistic cycle. Section 2.2 then offers further information on supporting theory and measurement

techniques for characterization of specific ignition and combustion processes, heat transfer to the tube, and various multi-
phase flow parameters.

2.1 INTERIOR BALLISTIC MODELS

2.1.1 Inputs to Section 2.1

Fourteen inputs from four NATO countries were received in response to the inquiry for information on theoretical
studies of the fluid dynamic aspects of the interior ballistics of guns. A listing of contributors is included as Appendix 1
to this chapter. The same four countries — France, Germany, the United Kingdom, and the United States — presented
informatior. on many of these efforts in considerably more detail at an AGARD sponsored workshop on the subject
conducted on 22—24 April 1980, at the Royal Military College of Science, Shrivenham, England. A listing of workshop
participants is included as Appendix 11. The bulk of the information assembled in this chapter is based on personal
communications with these individuals.

While :t can be assumed that these inputs do not cover all activities in this field ongoing in NATO countries, it is
hoped that the summary provided in this chapter will acquaint the reader with their general scope, as well as providing
some details of what are perhaps the more advanced modeling efforts. Specific information will include motivation for
work, physical scope of the models, status of ongoing efforts, and existing capabilities. Details of numerical schemes and
computational techniques applied by the various investigators are outside the scope of this document, though brief
comments on this area will be made. 1t should also be emphasized that a considerable body of closely relcted informaticn
on ignition and combustion processes, tube outflow, and associated experimental ballistic techniques is found elsewhere
in this volume.

2.1.2  Summary of Models: Physical Scope, Capabilities, and Planned Improvements
2.1.2.1 France

Interior ballistic modeling efforts in France are chiefly motivated by the search for increased muzzle velocities for
higher performance guns. 1n addtion to classical lumped-parameter (thermodynamic) interior ballistic models, existing
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capabilities include, jointly with the Germans at the Franco-German Institute for Research at Saint-Louis, France (ISL),
a one-dimensional, single-phase flow model and a one-dimensional, simplified two-phase flow model originally developed
at the Defense Research Establishement, Valcartier, Canada (DREV). Both models assume uniform ignition of the
propellant bed, a Noble-Abel equation of state for the gas, a pressure-dependent burning rate law, and a one-dimensional
with area change treatment of flow. Viscosity and heat transfer in the fluid are ignored. In the single-phase model, the
gas and solid phases are assumed to constitute a locally homogeneous fluid. Numerical solutions are effected in Lagrangian
coordinates using the method of characteristics. In the two-phase model, the solid-phase velocity is assumed to be related
locally to the gas-phase velocity via a proportionally constant k, where k = ¢,z z is the fraction of propellant
burned, and ¢; and ¢, are adjustable constants. For this representation, a finite-difference scheme in Eulerian
coordinates is applied. A.Carriere, K.Hoog, and H.Krauth of ISL report adaptation of these models for treatment of
composite propelling charges and multi-state guns, with a further extension planned for the traveling-charge problem.
Three References, 2-1 to 2-3, to their work are provided.

At the Société Nationale des Poudres et Explosifs, Centre de Recherche du Bouchet (SNPE-CRB), an effort is now
underway, administered by the Service Technique des Poudres et Explosifs (STPE), to develop a phenomenologically
more complete one-dimensional, two-phase flow model which includes flamespread through the propellant bed.
M.Dervaux and C.Cuche of SNPE report that their model, based largely on US work described later in this chapter,
assumes the gas and solid phases to be coupled by heat transfer, interphase drag, and combustion. Other assumptions
include an inviscid, non-turbulent, non-conducting gas, a Noble-Abel gas equation of state, an incompressible solid phase
with intergranular stress in excess of the gas pressure dependent on bed porosity, a surface-temperature ignition criterion
for the propellant grains, a pressure-dependent burning rate law, and a one-dimensional with area change treatment of
flow. The igniter is modeled as a predetermined source of energetic gases. This model has been coded for numerical
solution using the explicit, two-step, finite-difference scheme of MacCormack for interior points and a one-sided
differencing scheme accorded to Warming and Beam at the boundaries. Debugging is still underway and application of
this code to real interjor ballistic problems is yet extremely limited. Eventually, this code will be extended to include a
two-dimensional, axisymmetric representation of flow and an explicit recognition of igniter functioning. Treatment of
multiple-increment, bagged charges will also be addressed.

A related experimental/theoretical effort is being conducted by the Direction Technique des Armements Terrestres
(DTAT) at the Etablissement Technique de Bourges-Groupement Industrial des Armements Terrestres (ETBS-GI1AT).
Objectives of this work are to include thermal losses in available interior ballistics models for improved predictions of
performance, and to apply the results of calculations concerning the thermal transfer to the study of gun tube erosion and
cookoff. Calorimetric techniques have been employed to determine the amount of heat transferred to the gun tube, with
temperature measurements being taken at depths of several tens of millimeters along the tube wall using ISL-type thermo-
couples. Numerical simulation of heat transfer processes is currently underway, with convective heat transfer to the tube
considered by reference to the data of theoretical, one-dimensional single-phase flow. Conduction within the gun tube is
processed using a simple numerical method, known as the Dusinbére method, modified for cylindrical geometry.
Calculated thermal losses are on the order of 5 to 8% for the first shot in a 20-mm cannon. Application of the model to
analysis of barrel heating during multiple firings is planned. Three References, 2-4 to 2-6, are indicated for the work
described above. Additional discussion on heat transfer to the gun tube is provided in Section 2.2.3.

2.1.2.2 Germany

In addition to joint capabilities previously described to be operational at the ISL, a number of other German models
treating the gas dynamics of the interior ballistic cycle were reported.

A one-dimensional, single-phase model for treatment of the post-combustion, expansion phase has been developed
by C.Heinz of RWTH Aachen, Germany and D.Hensel of ISL (Ref.2-7). Solutions are provided for an ideal, isentropic gas
in Lagrangian coordinates with an iterative solution technique using special series.

Another one-dimensional, single-phase model has been developed by R.Heiser at the Ernst-Mach-Institute, Abteilung
fur Ballistik (EMI-AFB), Weil, Germany. This model treats expansion of an ideal gas from a fixed bed of burning
propellant. Numerical solution is based on the method of characteristics and is reported to have been applied to the
differential equations expressed either in a hodographic (Ref.2-8) or physical plane (Ref.2-9).

Yet another operational modeling capability exists at Diehl, where work initiated by M.Diirschner and carried
forward by Stein and Thurner has resulted in the development of a one-dimensional, two-phase flow interior ballistic
model which includes treatment of flamespread through the propellant bed. Similar in physical scope to the model under
development at SNPE, this model addresses the fluid dynamics of an inviscid, non-conducting gas coupled to an
incompressible solid phase by heat transfer, interphase drag, and combustion. Other features include a virial equation of
state for the gas, a propellant surface-temperature ignition criterion which depends locally on the relative velocity
between the phases, and a temperature-dependent description of the specific heat of propellant gases. Empirical descrip-
tions for interphase drag, heat transfer, and intergranular stress also differ somewhat from those used by SNPE. A
detailed comparison of the balance equations has not been made. Numerical solutions are provided using a two-step,
Lax-Wendroff finite-difference scheme, both at interior points and at the boundaries. The code is currently run
separately for flamespread and post-flamespread (expansion) processes, allowing manual “optimization” of grid density
and time steps. This code is charge-design oriented and application is typically made to such problems as the detailed
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description of down-bore pressures in a high-performance tank gun. Results have been obtained for 27-mm and 120-mm
gun configurations. Two references are provided as background for this effort (Refs 2-10, 2-11).

Finally, a two-dimensional, single-phase description of the flow inside a gun tube has been developed jointly by
Heiser of EMI-AFB and Hensel of 1SL. This model provides a complete Navier-Stokes treatment (with velocity and heat
conduction) of axisymmetric, laminar or turbulent flow in a Noble-Abel gas. The numerical solution makes use of an
explicit, MacCormack finite-difference scheme with time splitting in the interior, an implicit, Briley-McDonald scheme at
the base, and an explicit MacCormack scheme upwind. The code is operational and has been applied to various small-
caliber weapons (e.g., 20 mm), providing solutions to the problem in which the propellant is assumed to bz all burnt
prior to projectile motion. Interest has centered on providing a description of the formation of the boundary layer at the
tube wall and examining its influence on heat transfer leading to gun barrel erosion. Planned efforts call for extension
to the two-phase problem. Two references on this work were provided (Refs 2-12, 2-13).

1t should be mentioned also that local-flow solutions to the steady, laminar boundary-layer problem, both for
incompressible and compressible fluids, have been provided by Heinz and his coworkers at RWTH Aachen.

2.1.2.3 United Kingdom

Several modeling efforts are underway at the Royal Military College of Science, Shrivenham, England. G.Pagan
of the Mathematics and Ballistics Department has developed a more general solution to the Lagrange protlem,
assuming the gas density to be a separable function of space and time. Other assumptions include all propellant burnt
at zero time, an ideal gas equation of state, uniform cross-sectional area, and no bore resistance. The code will be
used for studying the effects of heat loss on muzzle velocity and for assistance in the validation of more complex,
hydrodynamic models.

One such two-phase flow model is under development by A.Crowley, also at the Royal Military Collzge of
Science. Referred to as the ABC code, this model is very similar in physical scope to those of Dervaux and Cuche
of France and Stein of Germany. Again, a one-dimensional with area change treatment of two-phase flow (inviscid
gas) in a gun tube, this model assumes a Noble-Abel equation of state for the gas, an incompressible solid phase, a
surface-temperature ignition criterion, a pressure-dependent burning rate law, and an uncoupled description of igniter
functioning (i.e., predetermined igniter venting rate). Treatment of intergranular stress in excess of the gas pressure is
not included at this time, nor is heat transfer between the gas and solid phases. Rather, flamespreading is driven by
assuming the propellant surface temperature to equal the local gas temperture until the ignition criterion is met.
Numerical solutions are provided by applying a two-step, Lax-Wendroff finite-difference scheme, both for interior
points and at the boundaries. This code is still in the development stage, and relaxation of some of the existing
assumptions is planned, including eventual extension to include a fully two-dimensional representation of flow.

2.1.2.4 United States

During the past decade, a number of efforts have been undertaken in the United States to model flamespread
and combustion in a mobile, granular propellant bed. Motivated largely by problems experienced with pressure waves
in medium and large—caliber guns, this work has included the efforts of government laboratories, private contractors,
and universities. Several representdtive efforts, currently active and funded, are described in this document.
References for related work are also given.

One of the most used two-phase flow codes in the United States is known as the NOVA code. Developed by
P.Gough of Paul Gough Associates in conjunction with A.Horst and later F.Robbins at the Naval Orcnance Station,
Indian Head, MD, NOVA is a quasi-one-dimensional, two-phase flow model of the gun interior ballistic cvcle, similar
again in physical scope to those models previously described of Dervaux and Cuche, Stein, and Crowley. The balance
equations describe the evolution of averages to flow properties accompanying changes in mass, momentum, and
energy arising out of interactions associated with combustion, interphase drag, and heat transfer. Constitutive laws
include a Noble-Abel equation of state for the gas and an incompressible solid phase. Compaction of an aggregate of
grains, however, is allowed, with granular stresses in excess of ambient gas pressure being taken to be dependent on
porosity and in accord with steady-state measurements.

Again, macroscopic diffusion is neglected, boundary-layer phenomena associated with interphase drag, heat
transfer, and combustion being assumed to act locally within each macroscopic control volume and resolved by
reference to empirical correlations. Interphase drag is represented by reference to the steady-state correlations of
Ergun and Andersson for fixed and fluidized beds, respectively. Interphase heat transfer is described similarly
according to Denton or Gelperin-Einstein. Functioning of the igniter is included by specifying a predetezmined mass-
injection rates as a function of position and time. Flamespreading then follows from axial convection, with grain
surface temperature deduced from the heat transfer correlation and the unsteady, heat-conduction equation, and
ignition based on a surface-temperature criterion. 1n addition, axial internal boundaries defined by discontinuities
in porosity (as between the propellant bed and regions on axial ullage, or unfilled space) are treated explicitly, and the
forward external boundary reflects the inertial and compactibility characteristics of any inert packaging zlements
present between the propellant bed and the base of the projectile. Solutions are obtained using an explicit finite-
difference scheme based on the method of MacCormack for points in the interior and a modified method of
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characteristics at internal and external boundaries. Extremely good agreement between theory and experiment has been
achieved using this code for simulation of pressure-wave phenomena in several US Navy case guns, though similar agree-
ment for bagged charge artillery is apparently limited by the quasi-one-dimensional approximation. NOVA is operational
at several US government facilities, and formalized documentation of a standardized version is undergoing publication at
the Naval Ordnance Station, Indian Head, MD. Several references describing NOV A and its application are listed in
References 2-14 to 2-17.

The failure of NOVA to treat adequately bagged-charge artillery has been attributed, at least in part, to the
complexity of the interface between charge and chamber and the ill-characterized impedances to gas and solid-phase
flows offered by the bag and other parasitic components — both outside the scope of a one-dimensional representa-
tion. In response to this shortcoming, Gough has undertaken to develop a fully two-dimensional code which recognizes
the presence of axial and annular regions of ullage external to the bag, as well as embedding the flow inhibition associated
with the non-energetic charge components as physical boundary conditions linking the various regions of flow. This work
has been funded by the US Army Ballistic Research Laboratory at Aberdeen Proving Ground, MD, under the direction
initially of C.Nelson and later of A.Horst.

While this code, to be known as TDNOVA, is not yet fully operational, an interim quasi-two-dimensional model
(QTDNOVA) has been coded and is operational at BRL. This treatment involves the decomposition of the gun chamber
into four regions: namely, the contents of the bag, ullage to the front and rear of the bag, and annular ullage external to
the sidewall of the bag. Two-phase flow in the bag is treated just as in NOVA except for a time-dependence of the
cross-sectional area of the bag, a consequence of radial motion of the bag and the influence of radial mass transfer.
Annular ullage is represented as quasi-one-dimensional, single-phase inviscid flow, while regions of axial ullage receive a
lumped-parameter representation. Treating the bag and annular ullage as disjoint but coupled regions of one-dimensional
flow allows for the recognition of early-time flow of igniter gases and combustion products external to the bag, altering
the flame propagation path and, perhaps, equilibrating pressures longitudinally throughout the chamber. Solutions for a
155-mm howitzer calculation suggest the sensitivity of these processes to the persistence of annular ullage as influenced by
bag permeability and strength. One reference is provided on this effort (Ref.2-18).

A second major development effort has been conducted over nearly the past decade at Calspan Corporation, Buffalo,
NY, by E.Fisher and his co-workers. Under direction and funding first from the Quality Assurance Directorate of
Picatinny Arsenal (now ARRADCOM), Dover, NJ, and more recently from the Ballistic Research Laboratory, Fisher has
developed a one-dimensional, two-phase flow code again similar in physical scope to those described by Dervaux, Stein,
Crowley, and Gough. Like many of the previously described codes, assumptions include a Noble-Abel equation of state
for the gas, an incompressible solid phase, a surface-temperature ignition criterion, and a pressure-dependent burning rate
law. Empirical correlations describing interphase drag and heat transfer are somewhat different, however, as is the
representation of intergranular stress as a function of porosity. Viscous and heat transfer losses at the chamber wall are
also considered.

A multi-one-dimensional grid option similar to that of Gough’s quasi-2-D code exists, but with the additional
capability of modeling flamespread in the igniter center-core used in artillery charges. An option for treatment of
propellant grain fracture caused by impact against the projectile base or excessive intergranular stress levels has also been
developed. Because of differences in the size of propellant grains and gas molecules, Fisher does not view the two phases
as homogeneous, interpenetrating continua. Consequently, he provides numerical solutions by integration of the balance
equations in a gas-phase finite-difference network using a modified Lax scheme, updating the solid-phase mass and
momentum balance equations without use of a formal finite-difference scheme. The Calspan code has been used both for
study of propellant production control problems and simulation of pressure waves in artillery. The code is operational
at several US Army installations, though some streamlining of coding is currently underway under contract to BRL. Two
recent references describing this work are provided (Refs 2-1 9, 2-20).

Other US investigators who have been actively involved over recent years in modeling of flamespread phenomena in
the gun environment have included K.Kuo of Pennsylvania State University and H.Krier of the University of Illinois.
Kuo’s work in this area has concentrated mostly on small arms (ball propellant) flamespread phenomena, and his efforts
have included considerable experimentation to characterize such features as flow resistance and bed rheology for ball
propellants. Three references to his work are provided (Refs 2-21 —2-23). Krier’s work initially was quite similar in
physical scope to that of Gough and Fisher, though his recent efforts have focused more on the deflagration-to-detonation
(DDT) problem associated with high-solids-oaded, high-energy rocket propellants. Two references on his gun-modeling
work have been listed (Refs 2-24, 2-25).

Several recent interior ballistics modeling efforts in the United States have been motivated by interest in what are
believed to be largely post-flamespread phenomena. Barrel-erosion problems experienced with high-performance tank and
artillery systems have led to two Army-sponsored programs, at least portions of which address the development of two-
phase flow models capable of treating unsteady boundary-layer phenomena in the gun tube.

H.McDonald of Scientific Research Assciates, Glastenbury, Connecticut, in conjunction with N.Banks of
ARRADCOM’s Ballistic Research Laboratory, has developed a two-dimensional model known as ALPHA. Like Heiser
and Hensel’s model, the full Navier-Stokes equations are solved for an axisymmetric, time-dependent, compressible,
viscous flow; however, extensions for treatment of turbulence and two-phase flow have been incorporated. Many of the
physical submodels (e.g., interphase drag and heat transfer, propellant bed rheology) have been adopted from NOVA,
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though at this time ALPHA addresses only post-flamespread processes. A Noble-Abel equation of state for the gas and a
pressure-dependent burning rate law are also employed. A split-linear-block-implicit finite-difference scheme is employec
to provide numerical solutions. This code has recently been implemented at BRL where validation studies are underway.
Turbulence modeling is being tested in the single-phase mode using a turbulence kinetic-energy equation. Current efforts
also include extension of the scope of the model back in time to include flamespreading, development of a dynamic grid-
transformation scheme for accurate and efficient treatment of strong flow gradients, and development of a scheme for
efficient use of mass storage. While originally motivated by the problem of heat transfer to the tube, ALPHA may well
be applied to a much broader class of problems once flamespreading has been successfully implemented. One reference
has been provided (Ref.2-26).

Relevant to the same problem, the Army Research Office and ARRADCOM have jointly funded an effort at
Lawrence Livermore Laboratories, California to determine the dominant mechanisms of hot gas flow erosion of exposed
solid materials (i.e., the gun-bore surface). Included in this program are several tasks to model the unsteady, turbulent,
chemically reactive, multicomponent boundary layer. A.Buckingham is simulating the influence of particulate matter
(e.g., propellant or additives) on the erosive transport processes in a turbulent, reactive boundary layer (Ref.2-27).
S.Kang and J.Levatin are developing a time-dependent description of the flow field in the boundary layer, including
reactive species, turbulence, and propellant additives, and taking into account the conditions of the unsteady core flow
and heat transfer at the bore surface (Ref. 2-28). The eventual level of coupling between these models and a master
interior ballistics code including flamespread is unclear at this time.

2.1.2.5 Other Capabilities

A.Schenk of the Prins Maurits Laboratory (PML), the Netherlands, reports that the Calspan code is cperational at
his facility, where it is employed in response to a variety of charge-design problems. Other such capabilities no doubt
exist in various NATO countries, unknown to the authors of this chapter at the time of its writing.

2.1.3 Related Inputs

A variety of work is being conducted in the NATO countries which does not fall into the general category of two-
phase flow, interior ballistic model development, but which, neverthelesss, contributes significantly to the overall
technology area. A summary of inputs provided on such work is included in this section.

2.1.3.1 Ignition and Combustion Submodel

D.Kooker of ARRADCOM:’s Ballistic Research Laboratory is pursuing detailed modeling of solid-propellant ignition
and transient combustion as a necessary input or ““building block™ in the total interior ballistics model. His efforts have
been directed toward two parallel studies.

Since the gas-phase flame region may dominate the ignition process as well as transient burning-rate adjustments, one
study considers a mixture of reactive gases in a closed chamber and analyzes their behavior near the flammability limit
and during transient flame propagation. This is done with a numerical solution of the compressible, time-dependent,
Navier-Stokes equations for a viscous, heat-conducting, multispecies, chemically-reacting flow. The solution technique is
based on the linearized block-implicit method, with the chemical production-rate terms treated separately with a “stiff”’
integrator. Without the benefit of adjustable constants, the predicted flammability limit for an ozone/oxygen mixture &t
atmospheric pressure agrees with the experimental data of Streng and Grosse. Predictions for a transient laminar flame
in the closed chamber indicate oscillatory flame propagation and pronounced acceleration effects. Confined combustion
appears inherently oscillatory.

The second study analyzes the behavior of an end-burning solid propellant grain confined in a closed chamber when
the usual assumption of propellant incompressibility is removed. The mechanical properties (stress-strain law, fracture,
etc.) of the unburned propellant will govern how the solid adjusts to the rapidly-increasing pressure field created by the
confined combustion. In progress is a solid mechanics model which incorporates the time-dependent numerical solution
of the equations conserving mass, momentum, and energy in a nonlinear, thermoviscoelastic solid undergoing closed
chamber combustion.

Four references (Refs 2-29 — 2.32) are included for Kooker’s work.

2.1.3.2 Special Problem: Blanks

S.Goldstein of ARRADCOM’s Fire Control and Small Caliber Weapon Systems Laboratory, US Army, has an
ongoing effort on the interior ballistic modeling of blank ammunition. The objective of this work is to develop a mathe-
matical model and computer program which will be capable of simulating the combustion, two-phase flow and weapon-
cycling kinematics related to blank ammunition. Both recoil-operated and gas-operated systems will be considered. This
study is intended to result in a design tool for developing ammunition to be used for tactical training of infantry and
armor personnel.
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Experimental data has been obtained for Cal. .50 and 7.62 mm weapon systems. These data include information on
the pressure versus time at different locations in the chamber, barrel, and blank firing attachment (BFA). From this infor-
mation it is possible to trace the formation and trajectories of different compression waves and shock waves within the
barrel.

For the Cal. .50 system studies, a model has been developed which consists essentially of two parts. First, a lumped-
parameter treatment is made of the quasi-steady combustion of rolled ball propellant in the cartridge case and two-phase
flow out the case mouth. The solution to this phase supplies the initial and boundary conditions for analysis of the
ensuing non-steady flow period. A shock wave, contact surface, and expansion wave are created when the mouth of the
blank cartridge opens. The flow of gas out the muzzle and pressure buildup in the BFA during the pericd of nonsteady
flow are calculated. This information is then used to determine the formation of the reverse shock wave and the motion
of the bolt and barrel. Future work may include a more detailed analysis of heat transfer and shock-wave interaction.
Five references (Refs 2-33 —2.37) are offered on this and related efforts.

2.1.3.3 Special Problem. Liquid Propellant Gun

Interior ballistic modeling for liquid propellant guns is being pursued in France by the Direction des Recherches,
Etudes et Techniques (DRET), with investigations being carried out by SNPE-CRB. The objective of their work is to
prepare an interior ballistic model for guns which use hypergolic bipropellants in order to carry out parametric studies at
the lowest possible costs.

A one-dimensional approach based on a simple physical model relating to the laws of combustion and droplet forma-
tion has been devised. The numerical method used combines the method of finite differences for points in the interior
with the method of characteristics at the breech and of the base of the projectile. This method has been prepared
assuming the separation of the phenomena of propellant injection and combustion, though future plans include coupling
of these processes. :

Further discussion of liquid propellant combustion is included in Section 5.1.

2.1.3.4 General Study

An interior ballistic modeling effort of a general nature, is being pursued by R.Powers, Air Force Armament
Laboratory, Eglin Air Force Base, Florida. The objective of this work is oriented toward conducting the analytic and
experimental research required to provide the necessary interior ballistic design data for the next generation of very high
velocity aircraft cannon. The program is broad in scope and has several independent facets. These include evaluation of
improved high-energy propellants, muzzle-flash and heat-transfer experimentation, and the mathematical modeling of
telescoped ammunition.

Extensive experimental gun firings are being conducted on telescoped 25-mm ammunition to refine a preliminary
interior ballistic mathematical model. Non-contact radiometry is being utilized to determine the primary and secondary
flame temperatures of muzzle flash. In-bore gas temperatures are being determined with microsecond-response surface
thermocouples. The mechanics of plastic rotating-band engraving during acceleration is being studied. Also, propellant
combustion products will be sampled during firings and analyzed with a time-of-flight mass spectrometer. To date,

a comprehensive propellant morphology study utilizing a scanning electron microscope has been completed, muzzle-flash
emissivities and temperatures have been determined, and nitramine propellant, ignition-mechanisms studies are underway.

2.1.4 Recapitulation

At least four NATO countries have developed or are developing their own numerical models for treatment of the
fluid dynamic processes of the interior ballistic cycle. One-dimensional, two-phase flow models including flamespread
exist at SNPE in France, Deihl in Germany, the Royal Military College of Science in England, and various contractors
and government facilities in the United States. Of these, the French and UK models are reported to be still in a develop-
mental status, while the German model at Diehl and the US NOVA and Calspan codes are operational and routinely used
for charge-design problems. Even the operational models, however, undergo continual refinement. In addition, the
Calspan code has been implemented for use in the Netherlands. In all cases, extension to a two-dimensional, axi-
symmetric-flow representation is planned, though actual pursuit of this goal is of yet underway only by Gough in the US.

A second class of models, addressing the description of flow in the unsteady boundary layer and involving solution
to the full Navier-Stokes equations, is being pursued in Germany, France, and the United States. At both the EMI in
Germany and the ISL in France, a two-dimensional, single phase, viscid flow model is operational, while the SRA/BRL
effort in the US has resulted in a two-dimensional, two-phase (post-flamespread, viscid, turbulent) flow model. Ultimate
extension of both models is planned to provide a two-dimensional, two-phase description of turbulent, chemically
reacting flow in the gun tube, including flamespread.

[t should be noted that an excellent review on this overall topic is provided in “Modeling of Two-Phase Flow in
Guns”, by P.Gough, which is included in Progress in Astronautics and Aeronautics, Volume 66, published by the
American Institute of Astronautics and Aeronautics (Ref.2-38).
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Finally, Appendix Il1 includes: (1) the description of a one-dimensional, two-phase flow interior ballistic problem
supplied to workshop participants for treatment using the various operational codes, and (2) a compilation of results
provided to this author as of the date of submission for publication.
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